A new route for the formation of osmium nanoparticles (NPs) having different morphologies like aggregated clusters, chain-like networks, and small spheres are reported. The synthesis was done by utilizing a simple wet-chemical method at room temperature (RT) by the reaction of OsO 4 , cetyl trimethyl ammonium bromide (CTAB), 2,7-dihydroxynaphthalene (2,7-DHN) and NaOH under 30 min of reaction. The diameter of the individual particles in all the morphologies was B1-3 nm. The synthesized materials have been tested for catalysis and SERS studies. The catalysis study was examined taking different organic nitro compounds and the catalysis rate was found superior as compared to other reports. The surface enhanced Raman scattering (SERS) study was done taking Rose Bengal (R Be) as a probe molecule and the observed enhancement factor (EF) value was found superior or comparable to most of other noble metal NPs. The overall synthesis process was simple, less time consuming and cost-effective. The enhanced catalytic and SERS activities of the Os NCs might open up a new avenue for the application in other organic catalysis reactions, SERS based detection of environmentally important trace bio-molecules and sensors.
Introduction
In last few years the study on materials mainly at nanoscale dimensions found tremendous importance due to their unusual electronic, 1 catalytic, 2 magnetic, 3 optical properties 4 as compared to their bulk counterparts. So a burst of research activities has been seen in recent years for the synthesis and characterization of metal nanoparticles (NPs) and their possible application in different interdisciplinary fields. 2, 5, 6 Metal NPs of varying sizes can be prepared by physical as well as chemical methods and the organization of metal NPs with a fixed number of atoms assumes significance. 7 The potential use and rapid assembly of nanomaterials and organics have been reviewed by Varma et al. recently. 8 Medintz et al. observed the possibility of functionalizations of NPs with different bio-molecules for various applications. 9 The surface functionalized NPs can be used to bridge the gap between heterogeneous and homogeneous catalysis. 10 Among different noble metals like Au, Ag, Pd, Pt, Cu, Ir, Rh, Ru and Os, the study on osmium metal NPs has found very limited application. Osmium is an interesting noble metal which competes with iridium and has very low compressibility, a high melting point and high bulk modulus. 11 Due to many properties of Os and its oxide, Os metal is a demanding material to manufacture and work with. There are few reports available where Os particles were prepared in the form of thin films or sometimes they combined with other metals like Pd or Pt using mostly physical vapour deposition (PVD) routes. [12] [13] [14] [15] The application of Os thin films appears in the patent literature only related to the fields of fuel cells, catalysis, sensors and electronic devices. Os metal is usually alloyed with other metals for different uses such as instrument pivots, electrical contacts, fountain pen tips or others. Os doped SnO 2 has been used for methane gas sensing 16 while Os-Pd NPs on carbon nanotubes have been used for catalysis. 14 Os NPs are also used as anode materials in direct borohydride fuel cells. 17 Os electrocatalyst has been used for oxygen reduction reaction (ORR) in presence or in absence of aqueous methanol. 18 Kramer and co-workers reported the synthesis of iron, ruthenium and osmium NPs from their metal carbonyl precursors. 19 Recently, Os thin films have been grown by an atomic layer deposition route at higher temperature from an osmocene salt precursor. 20 Most of the above reports deal with the preparation of Os particles in the form of thin films where controlling the particle size and shape is rather difficult and the process needs high temperature and hard work to get the desired materials. The wet chemical synthesis of Os metal NPs in the literature is very limited. 21, 22 Recently, Chakrapani and Sampath reported the synthesis of small Os NPs by ascorbic acid reduction at 95 1C.
21
Very recently, we synthesized wire-like and honey-comb like Os nanoclusters (NCs) using deoxyribonucleic acid (DNA) as a scaffold using microwave heating. 22 So, the synthesis of Os NPs or NCs using low temperature and a cost effective route is extremely desired. It is well-known that metal NPs can be used as a good catalyst in various types of catalysis reactions due to their high surface to volume ratio and that the catalytic efficiency strongly depends on their sizes and shapes. The reduction of aromatic nitro groups using excess NaBH 4 in the presence of metal NPs as catalyst has been investigated. 2, [23] [24] [25] Very recently, shapeselective Au-Ag core-shell nanocrystals have been utilized for catalytic reduction of nitro compounds. 26 Apart from the catalysis reaction, metal NPs were also tested for surface enhanced Raman scattering (SERS) studies. [27] [28] [29] [30] In SERS, the plasmonic coupling effect at the nanometric gap junctions between the particles induces an enormous electromagnetic enhancement that allows the SERS signal to be detected with single molecular sensitivity. Moreover, SERS enables molecules to be identified by their vibrational 'fingerprint' and the other applications range from detection of bio-molecules, sensors or even in medical therapeutics.
As the surface plasmon resonance (SPR) band of Os metal falls in the visible region like Au, Ag etc., it is assumed that it can also be used as a potential substrate in a SERS study and in catalysis reactions. In recent reports as described above, 21, 22 authors observed that Os NPs can be used as potential SERS substrate while they used Rhodamine 6 G (R6G) and Methylene Blue (MB) as a potential SERS probe.
In the present report, we put forward a new and novel methodology for the room temperature (RT) synthesis of interconnected osmium nanoclusters within 30 min of a wet chemical reaction. The Os NPs having different morphologies like Os NCs, Os chain-like networks or ultrasmall nano spheres have been formed for the first time by the reaction of OsO 4 with cetyl trimethyl ammonium bromide (CTAB) in presence of alkaline 2,7-dihydroxynaphthalene (2,7-DHN) under continuous stirring for just 30 min. The size and morphology of the particles can be tuned just by controlling the surfactant to metal ion molar ratio and altering the other reaction parameters. The eventual diameters of the individual particles range between B1-3 nm. The catalytic activity of the nanostructures has been tested for the reduction of 4-nitroaniline (4-NA) with NaBH 4 in aqueous solution. The SERS activity of the Os nanostructures was examined using Rose Bengal (R Be) as a model dye molecule. The present synthesis process is simple, reproducible and completed within a 30 min timescale. The self-assembled Os nanostructures generate a highly stable and reproducible SERS signal. The fast generation of CTAB stabilized Os NCs having a different morphology and their superior catalytic and SERS activity has not been looked at before.
Experimental

Reagents and instruments
Cetyl trimethyl ammonium bromide (CTAB, 99%), 2,7-dihydroxynaphthalene (2,7-DHN), osmium tetraoxide (OsO 4 ) and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich and used as received. Different nitro compounds like 4-nitroaniline (4-NA) was purchased from S D Fine Chemicals limited, Mumbai and others like 2-nitroaniline (2-NA), 4-nitrophenol (4-NP) and 2-nitrophenol (2-NP) were purchased from Sigma-Aldrich, Bangalore and used as received. Sodium borohydride (NaBH 4 ) was also purchased from Sigma-Aldrich and used freshly daily during the catalysis study. The dye molecule, Rose Bengal (R Be, C 20 H 4 Cl 4 I 4 O 5 ) was purchased from Qualigens Fine Chemicals, Mumbai. De-ionized (DI) water was used for the entire synthesis process. The synthesized CTAB-Os NCs were characterized with several spectroscopic techniques like UV-Vis, TEM, EDS, XRD and FT-IR analysis and their detailed specifications including a surface enhanced Raman scattering (SERS) study are given in the ESI. †
Synthesis of different morphologies of CTAB-Os NCs
Os NCs having different morphologies have been synthesized by the reaction of OsO 4 with CTAB and alkaline conditions in the presence of 2,7-DHN. In a typical reaction, 20 mL of stock CTAB solution (10 À2 M) was mixed with 2 mL of OsO 4 solution (10 À2 M) and stirred well for homogeneous mixing. Then 1 mL of freshly prepared 2,7-DHN solution was added and stirred for another 5 min. Finally, 200 mL of NaOH solution (10 À2 M) was added and the stirring was continued for another 10-15 min. The overall reaction time was B30 min. The solution was initially colorless but a light pale violet color appears after addition of NaOH. The pale violet color becomes dark with increasing the time and after 10 min the solution became darkviolet. The resultant solution contains Os NPs with an aggregated cluster like morphology. The solution was centrifuged 3-4 times at 8000 rpm to remove the excess surfactant and other impurities and finally re-dispersed in DI water. The Os NPs solutions became ready for characterization and application purposes. The other sets were also prepared by changing the molar ratio of Os salt to CTAB and changing the other reaction parameters. The detailed concentration of all the reagents, reaction time, particle size and morphologies are given in Table 1 . The synthesized Os particles were found very stable for more than six months while stored in a refrigerator in a sealed bottle without altering any optical properties. The CTAB-Os NPs were characterized using various spectroscopic tools and the details of the sample preparation procedures are given in the ESI. † Catalytic reduction of 4-nitro aniline (4-NA) using CTAB-Os NCs as catalyst
The catalytic reduction of aromatic nitro compounds was tested with CTAB-Os NCs as catalyst for the first time. The entire catalysis reduction was done with 4-NA as a specific example although several other nitro compounds were also examined. Among the different morphologies prepared, an Os aggregated cluster-like structure was used in a detailed catalysis study, although other morphologies were also tested for comparison purposes. For a typical catalysis reaction, 4 mL of DI water was mixed with 500 mL of (10 À3 M) stock 4-NA solution and stirred for 5 min for homogeneous mixing. After that, 1 mL of 0.1 M ice-cold NaBH 4 solution was added and shaken well. Finally, 400 mL of Os aggregated cluster solution was added and the reaction was monitored using an UV-Vis spectrophotometer over different time intervals. The absorption spectra were recorded every 1-2 min until completion of the reduction process. The total time required for the reduction was B10 min and the light yellowish 4-NA solution turned colorless due to the formation of the reduced product para-phenylenediamine ( p-PDA) in the reaction medium. The completion of the reaction was confirmed by a change in the color of the solution as well as from the absorption bands in the UV-Vis spectrum.
Results and discussion
UV-Vis spectroscopic study
The Os NPs with different morphologies were synthesized by reduction of OsO 4 in the presence of alkaline 2,7-DHN at RT under continuous stirring for B30 min. shows the SPR band of Os particles peaking above 500 nm although due to a smaller absorbance value, the SPR peak is not clearly visible in Fig. 1A . The inset of Fig. 1A shows a camera image of the dark violet Os NPs solution. Fig. 1B shows enlarged UV-Vis spectra for the appearance of a SPR band of Os particles, as seen in Table 1 Os NPs has not been reported. The Os nanochain SPR band reported 21 single band maxima at B540 nm although in our case we observed the shifting of peak positions at a higher wavelength due to aggregation of individual particles forming NCs and in-turn the NCs aggregating to form a chain-like network structure. We recently reported that self-assembled Os NCs in DNA having a wire-like morphology can generate a SPR peak at 594 nm whereas a honey-comb like structure can generate a peak at 602 nm. 22 In our present study, the appearance of a peak at a much higher wavelength region (at 639 nm) is probably attributed to plasmon oscillation originating for the formation of coupled NPs as observed in the TEM microscopy images. Similar types of explanation were drawn by Sampath and co-workers as they also observed a peak at 540 nm for their Os nano-chain aggregates. 21 Creighton et al. reported earlier a theoretical calculation that Os NPs with a spherical shape can show a SPR band near 350 nm with large absorption below 300 nm. 32 Although it has already been established with other metal NPs that the SPR band can be shifted towards a higher wavelength region while increasing the particle size due to aggregation or self-assembly of individual particles. It is also reported that aggregation of metal NPs like Au NPs leads to a red shift in the plasmon band due to the electric dipole-dipole interaction leading to coupling between the plasmon oscillations of different particles. 33 They observed that the color of Au NP solution turns from red to blue/purple due to the red shift in the plasmon band towards a longer wavelength i.e. red region of the electromagnetic spectrum.
Transmission electron microscopy (TEM) analysis Fig. 2 shows transmission electron microscopy (TEM) images of the Os NPs with different morphologies synthesized using the described procedure given in the Experimental section and in Table 1 . Fig. 2A and B show a TEM image of the aggregated NCs at low and high magnifications. From the image we can see that the smaller particles are aggregated together to form clusters. The average diameter of the small Os particles is B2 AE 0.2 nm, they are aggregated together to form the NCs. The average diameter and lengths of the aggregated clusters are B70 AE 10 nm and 250 AE 20 nm, respectively which consist of a huge number of smaller particles. The inset of Fig. 2B shows the corresponding selected area electron diffraction (SAED) pattern which confirms the particles are non-crystalline in nature. Fig. 2C and D shows a TEM image at low magnification of the Os nano chain-like networks. Fig. 2E and F shows a TEM image of the chain-like networks at higher magnification. From the image it is clear that smaller Os particles are self-assembled together and generate a chain-like network structure. The high magnified image in Fig. 2F shows a single chain network. The average diameter of the nano chain-like network is B10 AE 2 nm while the approximate length of the networks is B300 AE 50 mm.
Careful observation shows that a network structure is generated due to assemblies of small spherical particles with a diameter B1.5 AE 0.5 nm. The inset of Fig. 2F shows the corresponding SAED pattern which states that the particles are non-crystalline in nature. Fig. 2G and H shows a low and high magnified TEM image of Os NPs having spherical shapes. From the image it can be seen that the average diameter of the spheres is B2 AE 0.5 nm and the particles are nicely dispersed and form uniform size particles. The inset of Fig. 2H shows the corresponding SAED pattern which indicates the non-crystallinity of the particles. In the case of non-crystalline materials, the feature of concentric rings in SAED disappears but only leaves a hallow around the bright spot in the center, which indicates that the electrons are diffracted randomly by a material of amorphous structure. So from the TEM analysis, we confirmed that Os NPs with different morphologies can be synthesized by changing the reaction parameters as given in the Experimental section under Table 1 .
Energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) analysis As we observed from Fig. S2 (ESI †), there is no sharp or high intense peak is observed even by slow scanning during the XRD data collection, probably due to the very small size of the synthesized CTAB-Os particles. This also was further proven by the SAED pattern during TEM analysis, as discussed above. Sharp XRD peaks at high angles are not observed, which indicates larger Os particles are not formed in our process.
A broad peak at a lower angle near 301 is observed, which is probably due to the crystallization of the CTAB molecules which is used as a stabilizing agent during our synthesis process. The intensities of the peaks are low and the broad crystallographic peaks at low angular values signify the small size of the particles as observed by Borja-Arco et al. 18 and Sampath et al. 21 earlier.
Fourier transform infrared spectroscopy (FT-IR) analysis
The FT-IR spectra of only CTAB and CTAB bound Os NCs are shown in Fig. 3 . We plot the FT-IR spectra of only CTAB with CTAB bound Os NCs which supports the capping action of CTAB with the Os NCs surface and also provides an idea of the types of interaction taking place at the NCs surface. As an example, we have plotted the FT-IR spectra of CTAB-Os having an aggregated cluster morphology although all other morphologies also giving similar types of the FT-IR pattern which is quite expected as all the case particles stabilized the CTAB molecule. Fig. 3 , curves A and B denote the FT-IR spectra of pure CTAB and CTAB bound Os NCs, respectively. Due to the low transmittance (%) value of CTAB-Os NCs as compared to only CTAB, the intensity of the peaks for CTAB-Os NCs is low while plotting both together. An enlarged view of the FT-IR spectra of CTAB-Os NCs is shown in the ESI † as Fig. S3 . It is important to mention that the FT-IR spectra of CTAB capped metal or metal NPs strongly depend upon the particle size and shape. 35 The C-H stretching and anti-stretching which indicates an interaction of CTAB with the Os NCs surface. CTAB has a positively charged ammonium group on its polar head side which binds with the Os NCs surface via Os-N bond formation. For pure CTAB, a strong but less intense peak is observed at 3014 cm À1 which shifts for the CTAB-Os NCs sample. This peak arises due to the presence of a secondary amine group and these results indicate that the CTAB head group faces the Os NCs surface. A sharp but low intense peak at B3750 cm À1 in pure CTAB is due to the O-H stretching frequency of water solvating the surfactant CTAB. The O-H vibrational peak is absent in a CTAB bound Os NCs sample which indicates the absence of any water molecule or moisture in the Os NCs sample. The region 1300-1680 cm À1 is signifying due to CH 2 scissoring mode of vibration and the O-H bending mode of water around the bound head group. All these sharp peaks in pure CTAB are also present or slightly shifted but with low intensity in the case of CTAB bound Os NCs which indicates an interaction of CTAB with the Os NCs surface. The strong peak at 724, 906, and 958 cm À1 for pure CTAB is either broadened or shifted in the case of CTAB bound Os NCs which indicates an interaction of CTAB with Os NCs. Most of the peaks described above bear similarity to earlier reports for CTAB capped metal nanostructures. 3, 36 So from the above FT-IR analysis, it is clear that Os NCs are stabilized by the CTAB molecule probably via the Os-N bond formation due to the presence of an ammonium ion on its surface by forming a double layer arrangement.
Reaction mechanism for the formation of Os nanostructures of different morphologies
We have conducted a few control experiments to figure out the possible reaction mechanisms and the corresponding discussions were given in the ESI. † Os nanostructures with different morphologies can be synthesized by reduction of Os salt with alkaline 2,7-DHN in CTAB micellar media. In the absence of 42 Moreover, very recently, it was also reported that deoxyribonucleic acid (DNA), having a hydroxyl group on its sugar part can also reduce metal ions to generate metal NPs. 43, 44 So, we believe that by the reaction of alkali and 2,7-DHN, an anionic species or radical anions or solvated electrons are generated which is responsible for the reduction of Os ions to Os(0). Initially, the reduction of Os ions to Os(0) leads to the formation of small spherical nuclei. The nuclei subsequently formed Os atoms and assembled them together into a crystalline particle. At this stage, the surfactant CTAB can play a major role for the formation of a different morphology of Os nanostructures. The CTAB molecule can attach the surface of these crystals and slow down the growth rate of different crystal facets. When the surfactant concentration is less (10 À5 M, same as stock solution), the interaction of the cationic part of the surfactant with the specific surfaces of the crystalline particle is weak. As a result, the growth of the Os particles takes place in all possible directions and generates spherical particles as shown in Scheme 1. When the surfactant concentration is moderately high (Z10 À4 M), CTAB itself can form a worm-like or rod-like micellar template, as reported by others 45, 46 and the crystalline particles can grow on that specific template and generates a chain-like morphology. For the formation of wire-like or rod-like gold NPs were synthesized earlier utilizing a similar concept in the CTAB surfactant media. 45 Those chain-like structures were formed in the solution and with increase in the reaction time can further self-assemble together to generate a network-like structure, as shown in the TEM images of Fig. 2C -F and also in Scheme 1. While the CTAB concentration we used was much higher (B10
À2
-10 À3 M), the crystalline small particles which were initially formed are aggregated together to form a cluster-like morphology. The formation mechanism of the three different morphologies is schematically shown in Scheme 1. From Scheme 1, it is clear that at low concentration only spherical particles are formed, at medium concentration chain-like networks were formed and at moderately high concentration the aggregated clusters were formed. The formation of nano-chains by the reduction of Os salt with ascorbic acid at high temperature (B95 1C) has been reported. 21 The authors observed that initially smaller size Os nuclei are formed and they react with each other to generate small Os NPs, and finally these small particles can reach an equilibrium size and further self-assemble to form nanochains. 21 In the present study, we also believed that initially small spherical nuclei were formed and finally depending upon the concentration of the stabilizing agent the particles grow in different manner and generate a specific morphology, as shown in Scheme 1. Although, at this point, we were not fully convinced about the generation of a different morphology, further analysis and more control experiments were necessary to get an in-depth idea of the growth process. After the generation of different morphologies of Os nanostructures, we used them for possible application purposes in catalysis for the reduction of aromatic nitro compounds and as a potential substrate in a SERS study which is shown schematically in the ESI † as Scheme S1.
Catalysis study on the reduction of 4-NA using Os NCs
An in-depth study was undertaken on NaBH 4 reduction of 4-NA in the presence of CTAB stabilized Os NPs having different morphologies as catalysts. As an example, a detailed study was performed with 4-NA as model examples although several other nitro compounds were also tested and that is discussed in a later part of this section. The detailed control experiment for the catalysis study and the corresponding UV-Vis (Fig. S5 , ESI †) spectra were discussed in the ESI. † For a typical catalysis study, we mixed 4 mL of DI water with 500 mL of 10 À3 M 4-NA solution.
The solution became light yellowish in color. Now, 1 mL of 10
À2
M freshly prepared ice-cold NaBH 4 was added, mixed well and finally 400 mL of Os NPs solution (aggregated cluster-like morphology) was added. It is important to mention here that the whole catalysis reaction was done with Os aggregated cluster-like morphology although other morphologies were also 47 The progress of the reduction can be well visualized by the disappearance of a 381 nm peak and the appearance of a new peak at 239 nm due to the formation of the reduced product para-phenylenediamine ( p-PDA) in the solution. The 381 nm peak decreases gradually and the 239 nm peak increases gradually with time, as seen in Fig. 4A . From Fig. 4A , it was seen that the reaction was completed within 10 min using Os aggregated cluster-like morphology as a catalyst which can be confirmed by a change in the solution color ( yellowish to colorless) and from the absorbance value in the UV-Vis spectrum. The inset of Fig. 4A shows the yellowish color of 4-NA solution (before reduction) and the colorless p-PDA solution after reduction. In the reaction we have used a large excess of NaBH 4 concentration so that its concentration became constant throughout the reaction. Moreover, due to the presence of excess NaBH 4 , the liberated H 2 gas can prevent aerial oxidation of the product. As the BH 4 À concentration remains constant throughout the reaction, the catalysis reaction of 4-NA is considered to follow the pseudo-first order kinetics with respect to 4-NA. H-NMR spectra (not shown here). The catalytic efficiency of the Os aggregated clusters as a catalyst has been compared with other literature reports where it was found that our catalyst was superior to any other reported methods. 43, 44, [48] [49] [50] [51] It is important to note that except for our recent report, 21 there was no example available in the literature where Os NPs were used for the catalysis reaction of the organic nitro compounds, so we compared our catalytic efficiency with other noble metals like Au and Ag. 43, 44, [48] [49] [50] [51] The anisotropic Au NPs also used as a catalyst for the 4-NA reduction and the rate constant value were found to be 2.083 Â 10 À2 min
À1
. 2 In our previous report taking Os NCs in DNA as scaffold, we observed the first order catalytic reaction rate 3.87 Â 10 À2 min À1 for first 6 min and 0.45 min À1 for later 8 min. 22 In the present study we observed that the reaction rate was 0.26 min À1 which was the highest ever reported for Os NPs as a catalyst and much superior to other noble metals like Au or Ag. 2, 22, 43, 44, [48] [49] [50] [51] Apart from 4-NA, we also checked our catalysis reaction with other nitro compounds like 4-NP, 2-NP, 2-NA, etc., and in all cases the expected catalysis reduction taking place and the reaction were completed in different time scales. Table S1 (in the ESI †) shows the different nitro compounds tested and the corresponding time required for the full reduction. As a preliminary experiment, we also tested the role of the different morphologies on the catalysis reaction. We have seen that keeping all reaction parameters fixed, the reaction was the fastest with an Os aggregated cluster-like morphology, a medium with nano spheres, and the slowest with a chain-like network. So the order of the catalysis reaction rate follows as: aggregated cluster 4 nano-spheres 4 chainlike network. Scheme S2 (in the ESI †) shows different catalysis rates observed for different morphologies of Os nanostructures. It is well known that in a homogeneous catalysis reaction, the catalytic rate depends mainly on two important parameters. One is the effective surface area available and the other is the availability of catalyst particles in the reaction medium. The higher catalytic rate for aggregated clusters might be due to their overall increase in size due to aggregation. Careful observation says that the individual Scheme 1 Formation mechanism of three different morphologies of osmium NPs in CTAB.
spherical Os particles having a diameter between 1-3 nm are assembled together and generate a large aggregated cluster where the effective surface area is increased as compared to individual particles. Due to the increase in effective surface area, the electron transfer from the reducing agent (here it is NaBH 4 ) to the nitro compound becomes more feasible and faster which in turn increases the catalytic rate tremendously. Apart from this, for a certain volume, the number of particles should be more in case of aggregated clusters as compared to other morphologies, which also facilitates the higher catalytic rate for aggregated clusters, although the exact reason for the different catalytic rates of various morphologies was not clear and further study is needed for an in-depth idea on this.
Surface enhanced Raman scattering (SERS) study using CTAB stabilized Os NPs having different morphologies
Since the discovery of SERS by Fleischmannn et al. in 1974, 52 exhaustive efforts by a number of researchers have been devoted to the development of a practical substrate to investigate and utilize the SERS effect. The mechanism and theory of SERS are still under a considerable debate. In general, there are two possible mechanisms described in the literature: one is the electromagnetic (EM) effect and the other is the chemical effect.
It is assumed that the oscillating electric field of a light beam induces an oscillating dipole in a colloidal metal particle. If the natural frequency of oscillation of the conduction band electron matches with the frequency of light, the plasmon resonance takes place and the induced dipole becomes large. In the case of metal NPs, the EM effect is predominant which implies that the excitation energy was not distributed uniformly over the particles but was localized in some specific places called 'hot spots'. It has already been discussed in an earlier report that the size and shape of the NPs strongly affect the SERS phenomenon. Creighton et al. described the SERS effect on the spherical aggregates of Ag NPs. 53 It was also reported that aggregation of NPs can generate better enhancement as compared to monodispersed spherical particles. [54] [55] [56] Recently, the effect of the NPs shape was also tested in a SERS study and it was observed that anisotropic NPs like nanoprisms and nanorods give a better SERS signal as compared to spherical particles. 5 Recently, Kundu et al. studied that aggregated
Ag NCs can generate better SERS as compared to a monomer or a dimer and the results were compared to theoretical calculations. 57 Most of the previous studies on SERS however, mainly
focus on a few noble metal NPs like Au, Ag, Cu, Pd, Pt, etc., and a vast study is centered on Au and Ag only. Very recently, Os nanostructures were also tested in SERS studies. 21, 22 As we observed, the plasmon resonance of our synthesized Os particles falls in the visible region, so we believed that Os NPs can also act as a potential SERS substrate. Keeping that idea in mind, we performed a SERS study of Os NPs taking Rose Bengal (R Be) as a model anionic dye molecule. We chose R Be for better adsorption due to the opposite charge to the CTAB-Os particles.
As we observed, the highest enhancement includes Os NPs with aggregated cluster like morphology, a detailed study was performed with that morphology although other morphologies were also examined for comparison purposes. The details about the concentration of the reagents used for the SERS study is given in the Experimental section. A stock solution of 10 À3 M R Be dye solution was used and the stock solution was diluted and a different solution of lower concentration was prepared. Raman bands for R Be (reported) 56 Curve c, Fig. 5B shows the absorption band of a mixture of R Be and Os NCs solutions. There is a small shift of the absorption maxima of R Be taking place, which indicates the absorption or interaction of the dye with the NPs surface. It is important to note that R Be is a typical anionic dye which adsorbs with the Os NCs surface via physical adsorption or via electrostatic interaction due to the opposite charge of the CTAB capped Os NCs. Fig. 6 shows normal Raman spectra of a R Be dye (10 À3 M) and only aqueous Os NCs solution, as indicated by curve a and curve b, respectively. There is no significant band observed for the Os NCs sample. The position of the Raman bands and the assignments of the peaks for R Be are summarized in Table 2 .
The assignments are performed on the basis of published data on R Be and related xanthene molecules. 58 From Table 2 , it can be seen that there is shifting of the spectral peak positions in a few cases for R Be which mixes with CTAB-Os NCs (SERS spectra) as compared to only R Be. Scheme 2 shows a schematic representation of the SERS study concerning Os NCs and a R Be dye molecule. in SERS has been calculated according to previous equations 5, 56 and the values are summarized in Table 3 , considering a dye concentration of 10 À8 M and 10 À10 M. From the equation, I SERS and I RS denote the intensity of enhanced SERS sample and from the blank dye molecule, while C SERS and C RS are the analyte concentration in the SERS experiment and the analyte concentration in the normal Raman experiment. From Table 3 , we can see that the higher EF we observed was 1.7 Â 10 7 while we used a R Be concentration of 10 À10 M. We examined the EF value for the peak positions at 1292, 1491 and 1614 cm
. It is important to mention that there are only a couple of reports on SERS taking Os NPs which have been performed recently using R6G and MB as dye molecules. 21, 22 While they used R6G as a dye, the observed EF is B10 4 only. 21 In our recent study, we observed the highest EF B1.3 Â 10 7 taking MB as dye molecules. 22 So in our present study, taking R Be as a dye, we obtained the highest EF value (B1.7 Â 10 7 ) ever reported for Os NPs to date. We have compared the SERS effect with other two morphologies we prepared, and the results are presented in Fig. 7B . From  Fig. 7B , curve a denotes the Raman spectra of only R Be (10 À3 M) and cube b-d were the SERS spectra, while using Os spheres, chain-like networks and aggregated clusters, respectively. From Fig. 7B , it was confirmed that the enhancement was the highest in case of aggregated clusters and the order of EF was as follows: aggregated clusters 4 chain-like networks 4 spheres. The EF value observed was not only the highest considered for Os NPs, but also comparable or superior to other noble metal NPs like Au or Ag. 5, 21, 22, 56, 59 The different EF for different morphologies of Os NPs was expected as the Kneipp group reported earlier that the SERS intensity changes when the particles size and morphology vary. 60 The highest EF in the case of aggregated clusters is probably due to generation of a greater number of active 'hot spots'. It was reported previously that when noble metal NPs aggregate, they provide a greater number of surface active 'hot spots' at the junction of the aggregates. [54] [55] [56] [57] The plasmonic coupling effect at those junctions or 'hot spots' creates a very high intensity local electromagnetic field and consequently leads to strong Raman cross-section enhancement. So we also believe that the self-assembled aggregated structure of Os NPs was responsible for the generation of a highly stable and reproducible SERS signal. To prove this phenomenon further, we ran a preliminary SERS study with the Os nano cube sample, as seen in Fig. S4B (ESI †). We believe that the crystalline Os nanocube is generated due to over developed small spherical Os particles and the corresponding SERS result (not shown here) reveals that it also generates a high intensity SERS signal with a higher EF value. Moreover, it was interesting to say that similar results were observed in a catalysis reaction where we observed the highest catalytic rate in the case of an aggregated cluster structure as compared to others, although the mechanism of the catalysis reaction is somewhat different from the SERS experiment. A more detailed experimental and theoretical study is necessary to get an in-depth idea of each parameter contributing to the enhancement, and will be discussed in near future.
Conclusions
In summary, we report a new route for the formation of osmium NCs having different morphologies by utilizing a simple wet-chemical route at room temperature. The Os NCs having aggregated clusters, chain-like networks, and small spheres were prepared by a reaction of OsO 4 , CTAB, 2,7-DHN, and NaOH under continuous stirring for a total of 30 min. The morphology of the particles can be changed by tuning the Os salt to the CTAB molar ratio and varying other reaction parameters. The synthesized materials have been tested for catalysis and SERS studies. The catalysis study was examined with different organic nitro compounds. The observed catalysis reaction rate was found superior as compared to other noble metal NPs. The SERS study was performed taking Rose Bengal (R Be) as a probe molecule and the observed EF value was found superior or comparable to most of the other noble metals NPs. The morphological effect of Os NCs has also been tested and it was found that Os NCs having aggregated clusters give better results both in a catalysis and in a SERS study. The overall synthesis process was simple, fast and cost-effective. The enhanced catalytic and SERS activities of the material might opens up a new avenue for application in other organic catalysis reactions, SERS based detection of environmentally important biomolecules and sensors. 
